INTRODUCTION 1
Satellite (sat) RNAs are linear or circular RNAs that require a helper virus to supply all 2 transacting factors for replication. satRNAs have little or no sequence similarity with 3 the helper virus, and they are not required for the accumulation of helper virus. There 4 are two classes of satRNAs: large RNAs that generally encode a single non-structural 5 protein, and small RNAs with no functional coding capacity. Several satRNAs are 6 associated with helper viruses from different plant virus families (27) . 7
SatRNAs are also associated with tombusvirus (7, 10, 23, 25) . Three tombusvirus 8 satRNAs have been identified so far: satRNAs B1 and B10 in association with Tomato 9 bushy stunt virus (TBSV) (7), and satRNA with Cymbidium ringspot virus (CymRSV). 10
CymRSV satRNA was the first tombusvirus satRNA that has been discovered (14, 23) 11 and characterized the best as well. CymRSV satRNA is a 621-nt RNA lacking any 12 messenger activity in vivo and in vitro, and its replication and accumulation require 13 transacting factors provided by the helper virus and the host (6, 10, 23) . During the 14 replication process, double-stranded (ds) RNA replicative forms are often present at 15 high levels in the infected cells (10). There is no sequence similarity between satRNA 16 and the helper virus genome except in a small region, 51-nt in length, which has ~90% 17 similarity to the CymRSV 5'-end untranslated region (also called the helper-satellite 18 homology region, HSH) (23). This region is located at positions 99-151 in the CymRSV 19 genome and at positions 188-239 in the satRNA sequence ( Figure 1A and 1B). SatRNA 20 contains cis-acting RNA domains essential for replication; these signals are located 21 throughout the entire satRNA sequence, including the HSH region (8, 9) . 22
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on October 3, 2017 by guest http://jvi.asm.org/ Downloaded from transgene-derived siRNAs (3), and virus-derived siRNAs (21, 34) . Virus-induced RNA 1 silencing is triggered by dsRNA intermediates of cytoplasmically-replicating viruses, by 2 RDR1-or RDR6-dependent formation of dsRNA, or by structured regions of viral 3
RNAs (13, 20) . This silencing-based antiviral response by the plant leads to the 4 sequence-specific degradation of viral RNA (21); in turn, this often results in attenuated 5 viral symptoms and low virus titer. 6
In this study, we describe how the invading virus can harness the silencing 7 machinery of the host plant to control the accumulation of "virus parasite" satRNA, 8 which is associated with tombusvirus infection. We found that suppression of RNA 9 silencing at a low temperature or in the presence of a silencing suppressor protein 10 markedly facilitates the accumulation of satRNA. Using sensor constructs with the HSH 11 sequence conserved in both helper virus and satRNA, we show that this sequence is the 12 target site of helper virus-triggered RNA silencing. In addition, the accumulation of 13 viral siRNA, which can guide RISC to target satRNA, was also detected. The role of 14 RNA silencing in satRNA accumulation was further supported by the observation that 15 CIRV, which is a more efficient helper for satRNA, has altered nucleotides in its HSH 16 sequence and was unable to generate satRNA-targeting RISC. Moreover, introduction 17 of altered nucleotides into the HSH region of the CymRSV helper dramatically 18 enhanced satRNA accumulation when it was coinoculated with the modified helper 19 virus. 20
MATERIALS AND METHODS 21
Plant material, in vitro transcription, CymRSV mutant clones. Plasmids containing 22
CymRSV, Cym19stop, CIRV, CIRV19stop, and satRNA cDNA clones have been 23
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on October 3, 2017 by guest http://jvi.asm.org/ Downloaded from described previously (5, 6, 12, 24) . The p19 encoding ORFs were mutated in both 1 Cym19stop and CIRV19stop constructs, therefore these mutant viruses were not able to 2 express p19 protein. All constructs were linearized with SmaI, ethanol precipitated, and 3 transcribed in vitro using T7 RNA polymerase. N. benthamiana plants were inoculated 4 by helper and satRNA in vitro transcripts as described previously (24). 5
The Cym19stop-HSH-mut and CymRSV-HSH-mut constructs were obtained by 6 introducing C145T and T147A mutations using the QuickChange Site-Directed 7
Mutagenesis Kit (Stratagene) following the manufacturer's instructions. 8
Protoplasts were prepared from fully-expanded leaves, and transfection was 9 performed as described previously (11). Protoplasts were transfected with full-length 10 CIRV and CymRSV genomic RNA and with satRNA in vitro transcripts and kept for 24 11 h at 24°C under fluorescent lighting. 12
13

Agrobacterium tumefaciens infiltration and GFP constructs. Agroinfiltration of 14
Cym19stop-and CIRV19stop-infected plants was performed as described previously 15 (21). Tobacco etch virus HcPro in a binary construct was described previously (16), and 16 the GFP-HSH launching binary vector was obtained by excising the 133-bp MscI/NaeI 17 DNA fragment from a satRNA cDNA clone (9) and cloning it into a SmaI-linearized 18 35S-GFP plasmid (21) (please see the graphic representation in Figure 4A ). GFP-box2 19 
RNA analysis 9
RNA was extracted from plants and protoplasts and analysed as described previously 10 (28). RNA in non-denaturing 1.2% agarose gels was stained with ethidium bromide, 11
and RNA in formaldehyde-denaturing gels was transferred to nylon membranes and 12 detected using specific probes. The probes complementary to the 5'-end satRNA from 13 nts 1 to 188 and 3'-end satRNA from nts 300 to 621, were amplified by PCR using 5'-14 fused oligonucleotide containing T7 RNA polymerase promoter sequence. The 15 transcribed probes were used to detect (+)-stranded satRNA. GFP from nts 608 to 750 16 was PCR-amplified with a reverse oligonucleotide 5'-fused by T7 RNA polymerase 17 promoter and was used to detect GFP mRNA. A probe against the 0.3 kb 3'-noncoding 18 region (21) was used to detect (+)-stranded CymRSV RNA. oligonucleotide (20). Ligated RNA was reverse transcribed using the specific 7 oligonucleotide that was complementary to the 3'-end adapter. It was then amplified by 8 PCR using the same oligonucleotide used for the reverse transcription as a reverse 9 primer; the forward primer was either an oligonucleotide homologue to nts 1-18 of the 10 satRNA cDNA clone (in the case of the 3'-end analysis of satRNA) or an 11 oligonucleotide homologue to nts 608-630 of the GFP ORF (in the case of the 3'-end 12 analysis GFP-HSH cleavage products). The amplified products were then cloned into 13
SmaI-linearized pUC18 and sequenced. 14 benthamiana plants that are grown at a high temperature (6) . To better understand the 5 effect of temperature on satRNA accumulation, we analyzed this phenomenon in 6 greater detail. N. benthamiana plants with 6-8 leaves were coinoculated with 7
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CymRSV and satRNA in vitro transcripts and grown at 28°C, 24°C, or 20°C. RNA 8 was extracted from the systemically-infected leaves when symptoms appeared (6-10 9 dpi). As expected, the growing temperature dramatically affected the level of 10 accumulation of the helper virus due to activation of RNA silencing (29). The level of 11 viral RNA in the plants grown at 28°C was barely detectable by Northern blot, while 12 plants grown at 24°C or 20°C had markedly higher levels of viral RNA (Figure 2A) . 13
The accumulation of satRNA showed an even stronger dependence on temperature: at 14 24°C, satRNA was just above the detection limit, but at 20°C, there were high levels 15 of satRNA ( CymRSV and satRNA often, but not always, resulted in the appearance of satRNA 7 specific RNA molecules shorter than full-length satRNA (indicated by an asterisk in 8 Figure 2A , lane 3). We hypothesized that these short RNA molecules could be the 9 product of cleaved satRNA targeted by satRNA-specific siRNA-programmed RISCs. 10
To clarify this, 3'-RACE analysis was performed on the sample from lane 3 in Figure  11 2A. The amplified products were submitted to Southern blot analysis using two 12 specific riboprobes targeting the 5'-and the 3'-ends of the satRNA (nts 1-188 and 13 300-621, respectively). The amplified 650-nt long product corresponded to full-length 14 satRNA ( Figure 2B , lanes 1 and 2), which was detected using either the 5'-specific or 15 the 3'-specific probes. Interestingly, the 5'-end specific probe also detected shorter 16 molecules containing satRNA sequences; these corresponded to amplified products in 17 the 250-290 bp range ( Figure 2B , lane 1). The low molecular weight PCR products 18 were cloned into the pUC plasmid and sequenced, and the sequences indicated that the 19 3'-end of these shorter than unit-length satRNA-specific RNAs was part of the HSH 20 region. These shorter RNA species could be a cleavage product of full-length satRNA. 21
Alternatively, they could be products of prematurely terminated satRNA transcription. 22
To differentiate between these possibilities, a 133-nt satRNA fragment (from position 23 because it has been shown that it inhibits RNA silencing by ds siRNA sequestration 8 befor the RISC assembly. (16). Decreased expression of GFP from the GFP-HSH 9 sensor was observed 3 days post-agroinfiltration in Cym19stop-infected plants, but not 10 in non-infected or CIRV19stop-infected plants ( Figure 3B ). GFP-HSH sensor mRNAs 11 levels were also analyzed in RNA extracts 3 days post-agroinfiltration, and Northern 12 blot analysis showed that the level of GFP-HSH sensor mRNA was reduced in 13
CIRV19stop-infected plants ( Figure 3C ). The level of GFP-HSH sensor mRNA was 14 below the detection limit in Cym19stop-infected plants, demonstrating the efficiency 15 of sensor mRNA degradation mediated by helper virus-activated RNA silencing. 16
Based on sequence homology between the satRNA and helper genome, we 17 expected two putative target sites in the common HSH region (termed box1 and box2; 18 Figure 1B ). In box1, the sequence homology is 100%, and in box2, the helper genome 19 contains one extra base ( Figure 1B ). There is a short (5-nt) non-homologous stretch 20 between the two homologous boxes. As expected, 3'-RACE analysis of the cleaved 21 sensor construct confirmed our prediction: all sequenced clones showed the cleavage 22 sites in the highly homologous box2, and ten of eleven clones showed a cleavage 23 Figure 3A) . These results strongly suggest that the low 2 level of satRNA accumulation is the consequence of helper virus-induced satRNA 3 silencing. Surprisingly, we did not find cleavage in box1 in spite of 100% homology 4 between satRNA and CymRSV in this region. However, the predicted secondary 5 structure of HSH region of satRNA may explain this observation. The identified target 6 sites in box2 are located in a predicted single-stranded region, while the nucleotides in 7 the box1 sequence are in a predicted base-paired structure ( Figure 1C ) that could make 8 this region more resistant to RISC-mediated cleavage (1). To better localize the 9 putative target site in box2, a new sensor construct containing only the last 21 nt of 10 box2 (GFP-box2; Figure 3A ), was generated in both plus (+) and minus (-) 11 orientations and expressed in the recovered leaves of Cym19stop-infected plants. The 12 mRNA of GFP-box2(+) and (-) accumulated at high levels in non-infected N. 13 benthamiana, however, GFP-box(+) accumulated at much lower levels in the 14 recovered leaves of plants previously infected by Cym19stop ( Figure 3D ). This 15 finding suggests that the satRNA box2(+) sequence is an efficient target site for and CymRSV) induce strong symptoms that quickly result in plant death at 15°C. In 20 RNA extracted from these plants, the ratio of the helper virus to the accumulated 21 satRNA was estimated to be 1:1 and 2:1 for CIRV and CymRSV, respectively (Figure  22 4B, lanes 1 and 3). Moreover, the mutant viruses lacking p19 were also able to support 23
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Conversely, at 24°C, a temperature at which RNA silencing is enhanced (29), the 2 accumulation of satRNA in the presence of CymRSV was just above the detection 3 limit, and the suppressor mutant Cym19stop helper was not able to support the 4 accumulation of satRNA at a detectable level ( Figure 4B, lanes 7 and 8) . However, in 5 the presence of CIRV, the satRNA accumulated at high levels, and the suppressor 6 mutant CIRV19stop also supported the accumulation of satRNA, although less 7 efficiently ( Figure 4B , lanes 5 and 6). These findings further support our hypothesis 8 that CymRSV-induced RNA silencing targets subviral satRNA, since the inhibition of 9 RNA silencing by cold or by the presence of the p19 silencing suppressor enhances 10 satRNA accumulation. Moreover, when the helper virus is CIRV, a virus that contains 11 mismatches in the common HSH region, the effect of RNA silencing is much less 12 pronounced. 13
14
Replacement of CymRSV HSH box2 sequence with CIRV HSH box2 sequence 15
restores satRNA replication at 24°C and in the absence of p19. 16
The replication and accumulation of satRNA in the presence of different helper viruses 17 could be influenced by factors or mechanisms other than RNA silencing. We wished 18 to determine whether the HSH sequences were solely responsible for the observed 19 differences in satRNA accumulation with the two helpers (CymRSV and CIRV). In 20 order to determine this, we replaced the HSH box2 sequences of CymRSV and 21
Cym19stop with the CIRV sequence to obtain the constructs CymRSV-HSH-mut and 22
Cym19stop-HSH-mut ( Figure 5A) . Importantly, the mutations in positions 145 and 23 Figure 5D ). We have shown previously that LNA probes are 3 able to detect small RNAs very specifically because they anneal to the complementary 4 RNA sequence with higher stability (32). 5 We have shown previously that virus-induced RNA silencing is strongly inhibited at 20 15ºC (29), and we have also observed that satRNA accumulates more efficiently at a 21 lower temperature (6) . The current investigation into the effect of temperature on 22 satRNA clearly demonstrated that high temperatures (28-24ºC), which enhance the 23 at 24ºC. However, when the heterologous helper CIRV was used, the accumulation of 5 satRNA was not influenced dramatically by temperature, confirming that satRNA 6 replication itself was not affected significantly by temperature. Importantly, satRNA 7 accumulation was easily detectable, even at 24ºC, when it was coinoculated with the 8 p19 suppressor mutant CIRV19stop; although in this case, the incorporation of virus-9 derived siRNAs into RISC is not inhibited by the p19 silencing suppressor. 10
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Helper virus-induced RNA silencing cleaves satRNA, and the cleavage depends on 12 the homology of the HSH regions of satRNA and its helper. This study showed that 13 the accumulation of satRNA molecules was downregulated in CymRSV or Cym19stop-14 infected plants. In the latter case, satRNA was able to accumulate at detectable levels 15 only at a lower temperature, suggesting that RNA silencing-mediated cleavage was very 16 efficient at normal temperature. To better understand the molecular basis of this 17 observation, we used a sensor construct (GFP-HSH) with the HSH region of the 18 satRNA molecule. The sensor construct was cleaved in the HSH region, and the 19 sequencing of the cleavage products indicated that the cleavage site was in the second 20 homology region (box2) of the HSH sequence ( Figure 1B) . Interestingly, we never 21 observed cleavage in the first homology region (box1) of HSH, in spite of 100% 22 homology between the CymRSV HSH and satRNA HSH regions. Closer inspection of 23
A C C E P T E D
on October 3, 2017 by guest http://jvi.asm.org/ Downloaded from the putative secondary structure of the satRNA HSH region could explain this 1 surprising observation: Although there are a few mismatches between the helper and 2 satRNA in the box2 region, this sequence is located in a predicted single-stranded 3 region of the folded satRNA ( Figure 1C) . RISC-mediated cleavage of target RNA is 4 more efficient when the target sequence is located in a single-stranded or weakly 5 structured region (1, 21). Thus, viral siRNA-programmed RISC has better access to 6 box2 than to box1. The sensor mRNA, containing only the last 21 nts of the box2 target 7 sequence, was also cleaved efficiently, which helped to identify the target sequence in 8 the HSH region of satRNA. Knowing the precise target sequence allowed us to predict 9 the sequence of the viral siRNA that targets the satRNA. Indeed, this viral siRNA was 10 detected using an LNA probe containing the target sequence of box2. As expected, the 11 satRNA-targeting siRNA was present in CymRSV-infected plants but not in CIRV-12 infected plants ( Figure 5D ). The observed high efficiency of single siRNA raises the 13 possibility to generate very effective artificial siRNAs for practical purposes. However, 14 the accessibility of target site for the specific siRNA containing RISC should be 15 previously studied experimentally. 16
Mutational analysis of the box2 sequence of the CymRSV HSH region also 17 supported a role for RNA silencing in controlling satRNA accumulation. Introducing 18 two mismatches (the same mismatches as in the CIRV sequence) into the box2 19 sequence to create the CymRSV-HSH-mut helper significantly enhanced the level of 20 satRNA after coinoculation. We also found that the siRNA, which specifically targets 21 the box2 sequence of satRNA, was undetectable in CymRSV HSH-mut-infected plants 22
(data not shown). Moreover, these two mismatches are located just downstream of the 23 cleavage site. In other words, the viral-derived siRNA, which should target the satRNA 1 box2 sequence, has the mismatches in the 5'-half of the siRNA that is incorporated into 2 the RISC. The lack of cleavage is in line with what has been found for miRNAs in 3 plants. Indeed Parizzotto et al. (2004) showed that mi171 activity displays unequal 4 tolerance to a 5'-symmetrical mismatch and a 3'-symmetrical mismatch. 
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